The coherent spin dynamics of holes in Mg-doped ͑p-type͒ wurtzite GaN is studied by time-resolved Kerr rotation technique. We observe the spin precession of holes with the spin coherence time of 120 ps, which is distinguished from that of electrons by comparison with the results in Si-doped n-GaN. The g factor anisotropy of holes is determined to be g Ќ h = 2.17± 0.03 and g ʈ h = 2.27± 0.03. We identify that the involved holes are in the valence band B ͑upper ⌫ 7 ͒ of wurtzite GaN.
Wide gap III-V semiconductor GaN is one of fascinating materials for short wavelength optoelectronic devices. In addition, GaN is one of the candidates for achieving roomtemperature ferromagnetism in semiconductors. 1 Thus, it is of great importance to understand the spin dynamics of carriers and excitons in GaN for possible applications to spintronics devices and spin-based quantum information processing. 2 Compared to other major III-V and II-VI semiconductors such as GaAs ͑Refs. 3 and 4͒ and ZnSe, 5 however, there exists only few experimental reports of coherent spin dynamics 6 and relaxation processes of conduction electrons 7 in GaN. For GaN, to our best knowledge, there is no report on the spin dynamics of holes, which is rarely reported even in GaAs-based structures due to the short spin coherence time as a result of the strong valence-band mixing. 8 In wurtzite GaN, the valence-bands at the Brillouin zone center are split into doubly degenerate ⌫ 9 ͑labeled as A͒, upper ⌫ 7 ͑B͒, and lower ⌫ 7 ͑C͒ bands by crystal-field and spin-orbit effects. A fundamental band parameter, the g factor anisotropy of the valence band is still unknown. 9 For p-type doping, Mg is a promising acceptor in GaN to achieve high density of holes, and it should have strong anisotropic g factor in the effective mass approximation. On the other hand, electron paramagnetic resonance ͑EPR͒ and optically detected magnetic resonance ͑ODMR͒ experiments give nearly isotropic g factor of the Mg acceptor: g ʈ = 2.1, g Ќ = 2.0, and ⌬g = 0.1. 10, 11 The understanding of this puzzle is attracting both theoretical and experimental investigations. 12, 13 In this paper, we report the observation of spin precession of holes in wurtzite Mg-doped ͑p-type͒ GaN by using timeresolved Kerr rotation ͑TRKR͒ technique. This enables us to determine the spin coherence time and g factor anisotropy of holes in wurtzite GaN through the observation of coherent spin precession in transverse magnetic fields. As a reference, we also measure the spin precession of electrons in conduction band in Si-doped n-type GaN.
The samples studied in this paper are 2-m-thick GaN epilayers on ͑0001͒ sapphire substrates. 14 The n-type GaN epilayer is Si-doped with an electron density of ϳ1 ϫ 10 18 cm −3 , and the p-type GaN epilayers are Mg-doped with a hole density of ϳ5 ϫ 10 17 cm −3 ͑two pieces #1 and #2 are cut from the same wafer͒. Between the substrate and the epilayer is a 2-m-thick undoped GaN buffer layer.
The samples were placed in an optical cryostat with a split-coil magnetic field system ͑temperature 1.7-300 K and magnetic field 0 -7 T͒. The angle ␣ between the magnetic field and c-axis ͑i.e., growth direction͒ can be varied by rotating the sample rod. TRKR and pump-probe experiments are performed by using a mode-locked Ti:sapphire laser with a repetition rate of 76 MHz and a regenerative amplifier ͑RegA͒ operating at 100 kHz. The RegA is seeded by the mode-locked 100 fs laser pulse centered at 800 nm. The output of the RegA was used to drive an optical parametric amplifier with the generated signal beam tunable from 500 nm to 740 nm. The signal beam was then frequencydoubled by a second-harmonic generator to the wavelength range 250-370 nm ͑or photon energy of 3.35-4.96 eV͒. The final laser pulses are split into the pump beam and probe beam. The pump beam is circularly polarized ͑in order to excite spins of carriers͒ and the power is kept at 1.6 mW. The probe beam is linearly polarized with a power of 0.3 mW. Both beams are focused onto the sample with a spot size of ϳ100 m. The delay time between the pump and the probe beam can be scanned from 0 to 600 ps. The Kerr rotation angle of the probe beam reflected from the sample is analyzed by an optical bridge made of two UV-enhanced Si photodiodes. Similar to time-resolved Faraday rotation ͑TRFR͒ ͑but different mechanisms͒, TRKR signals are proportional to the spin component along the propagation direction of the probe beam, and TRKR signals versus the delay time between the pump and probe beam map the coherent spin evolution or spin precession of carriers if a transverse magnetic field is applied. Figure 1 shows the TRKR curves taken from n-type GaN at 10 K. When the pump beam changes from right-circular ͑ + ͒ to left-circular ͑ − ͒ polarizations or vice versa, the phase of TRKR curves changes as the direction of excited spins is reversed ͓see Fig. 1͑a͔͒ . So we just present TRKR curves with pump beam + polarized in Figs. 1͑b͒ and 1͑c͒. The observed oscillations originate from spin precession of carriers under magnetic fields. From the oscillation period T, the effective g factor can be deduced from h / T = g͑␣͒ B B, where h is the Planck constant and B is the Bohr magneton. We get g͑90°͒ = 1.9492± 0.0008 and g͑45°͒ = 1.9500± 0.0008. g͑␣͒ can be expressed by
where g ʈ and g Ќ are longitudinal and transverse g factor with magnetic field along and perpendicular to c-axis respectively. We can determine g Ќ = 1.9492± 0.0008 and g ʈ = 1.9508± 0.0008. These values of high precision are the same as the g factor values of electrons in GaN measured by ESR experiments. 15 Therefore, we identify that the observed spin precession comes from electrons in the conduction band.
By checking the curves in Fig. 1͑a͒ , we find there are three slopes with the corresponding decay time constants of 15 ps, 160 ps, and 2 ns. 16 This phenomenon is similar to the TRFR results in n-GaN reported by Beschoten et al. 6 The two shorter decay times are related to the spin relaxation and recombination of holes which induce the decoherence to electron spins, and the longer decay time corresponds to the spin coherence time of electrons, i.e., T 2 e‫ء‬ = 2 ns, in accordance with Ref. 6 .
After identifying the spin precession of electrons in n-type GaN, we now turn to study p-type GaN by TRKR. Figure 2 presents the pump-probe measurements in p-type GaN at 10 K. The electron-hole recombination time is measured to be 1.3 ns. This lifetime does not change when the laser energy is tuned from 3.446 eV to 3.550 eV around the GaN band gap ͑ϳ3.47 eV͒. Figure 3 presents the TRKR curves taken from p-type GaN at 10 K with the laser energy tuned at 3.482 eV. Following the same procedure as for electrons in n-GaN, we obtain g͑90°͒ = 2.17± 0.03 and g͑45°͒ = 2.22± 0.03, or g Ќ = 2.17± 0.03 and g ʈ = 2.27± 0.03, which are different from the g factor values of electrons in the conduction band. So we can safely rule out the possibility that the observed spin precession in p-GaN come from electrons. It should come from holes in the valence bands A, B or C of GaN. Based on the following discussions, we identify that the observed spin precession come from holes in the valence band B.
According to group theory, 17 the transverse g factor for A holes is equal to zero, i.e., g Ќ A = 0, so we can rule out that the observed spin precession comes from holes in the valence band A. Figure 4 shows the TRKR curves at B = 7 T for different laser energies. The spectral linewidth of the laser we used is ϳ38 meV. The energy difference between bands A and B is 6 meV, and 37 meV between bands B and C. 18 When the central energy of the laser pulses is tuned at 3.446 eV which is about 20 meV lower in energy than the measured GaN band gap ͑E g = 3.47 eV, inset of Fig. 2͒ , the valence band C cannot be excited. However, the observed oscillations yield g ʈ = 2.1± 0.1, which is, within the experimental error, the same as the value measured with laser energy at 3.482 eV. From this, we may conclude that the observed spin precession originates from holes in the valence band B. Campo et al. measured the longitudinal g factor for the valence band B by means of magnetocircular dichroism, i.e., g ʈ h = 2.1± 0.3, 19 which is the same as our measured value within the experimental error. This further supports our conclusion that the observed spin precession comes from the holes in the valence band B.
When the laser energy is tuned from 3.446 eV to 3.530 eV, bands A , B , C are all excited and hole spins are created in all three bands. In principle, we should be able to observe the spin precession of holes from the valence band C. However, all TRKR curves show only one oscillation period and give the same g Ќ value as that for the valence band B within the experimental errors. As the holes excited in the valence band C is 37 meV higher in energy than B holes, the C holes can rapidly relax into the valence band B, which may result in shorter spin coherence time of C holes. When the laser energy is tuned higher than 3.530 eV, the spin precession of B holes disappears. This can be due to the fast spin relaxation of holes enhanced with energy relaxation processes, or the poorer initial spin polarization under off-resonant excitation. When the laser energy is tuned lower than 3.446 eV, no spin precession is observed as the photoexcitation of holes does not occur any longer.
The TRKR curves in Fig. 3͑a͒ shows only one decay constant except one sharp peak around zero time delay. 16 We can determine the spin coherence time of B holes T 2 h‫ء‬ = 120 ps, which is 10 times shorter than the electron spin coherence time 2 ns in n-type GaN ͑see Fig. 2͒ . Such a short hole spin coherence time is expected due to the decoherence induced by the valence-band mixing. 8 Similar to electron spins, 6 the hole spin coherence time is magnetic-field dependent, and it reduces to about 50 ps at magnetic field of 7 T ͑see Figs. 3 and 4͒.
Circularly polarized pump beam can excite both electron and hole spins. In principle, the spin precession of electrons and holes can be observed simultaneously from the same sample, and a beat pattern is expected. In this case, the Kerr rotation angle K ͑t͒ can be expressed as The beat period is T beat =1/͉ e − h ͉ = h / ͓͉g e − g h ͉ B B͔, which decreases with increasing the magnetic fields. From the g factor values we measured, we can estimate the beat period to be 46 ps at B = 7 T. We indeed observe such a beat pattern with beat period about 42 ps in one piece of p-GaN sample as shown in Fig. 5 . 20 The envelope curve with a maximum at t = 0 follows a cosine function and proves that g h has the same sign as g e ͓see Eqs. ͑2͒ and ͑3͔͒. 21 However, we observe only one and a half beat periods, indicating that the spin coherence time of electrons as well as that of B holes are in the same range as the beat period ͑42 ps͒. Compared with 2 ns in n-GaN, such a short spin coherence time of electrons in p-GaN suggests that holes induces significant decoherence to electrons via electron-hole scatterings.
The g-factor anisotropy of B holes is ⌬g B = g ʈ B − g Ќ B = 0.10, indicating nearly isotropic g factor for the valence band B, in contrast to the strongly anisotropic g factor of the valence band A. Since g Ќ A = 0 according to group theory, the spin precession of A holes cannot take place, and thus cannot be observed ͓see Figs. 3͑b͒ and 4͔ when the magnetic field is perpendicular to the c-axis ͑␣ =90°͒. However, we are not clear why the spin precession of A holes cannot be observed either when ␣ = 45°, which is worth further investigation. We notice that the g-factor anisotropy of B holes is very close to that of holes bound to the Mg acceptor measured by EPR and optically detected magnetic resonance experiments. [10] [11] [12] [13] This suggests that the electronic states of the valence band B play a major role in the wave function of the Mg acceptor in wurtzite GaN. The mixing of states can be caused by, e.g., the random strain fields in samples with high density of points defects and dislocations. In conclusion, we have studied the spin dynamics of electrons and holes in Si-doped ͑n-type͒ and Mg-doped ͑p-type͒ wurtzite GaN by the TRKR technique. In n-type GaN, we observe the spin precession of electrons in the conduction band and the spin coherence time of electrons is measured to be 2 ns. The g factor anisotropy of electrons is determined to be g Ќ e = 1.9492± 0.0008 and g ʈ e = 1.9508± 0.0008. In p-type GaN, we observe the spin precession of holes from the valence band B and the spin coherence time of B holes is measured to be 120 ps. The g factor anisotropy of B holes is determined to be g Ќ h = 2.17± 0.03 and g ʈ h = 2.27± 0.03. The beat induced by the spin precession of electrons and holes is also observed in p-type GaN.
